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Abstract—The unbalanced power losses of the semiconductor
switches affect the thermal loading, and thus, the reliability of
power converters is challenged. In this paper, the unbalance loss
distribution of power devices has been analyzed in a full-bridge
(FB) PV inverter, which employs the traditional hybrid unipolar
pulse width modulation (UPWM) for reactive power injection.
This analysis serves to improve the design and control of the
FB inverter to enhance its reliability. More importantly, a new
modulation method is proposed to balance the power losses,
resulting in good thermal performance and increase lifetime. The
proposed method periodically changes the switching operation
modes at the grid frequency to ensure equal power losses, and
thus, the almost identical junction temperature of each power
switch. Simulation and experimental results have validated the
effectiveness of the loss analysis and the proposed modulation
scheme.

Index Terms—Loss unbalance, full-bridge inverter, hybrid
PWM, circulated control

[. INTRODUCTION

With the remarkable increase of installed renewables, e.g.,
wind and solar photovoltaic (PV) [1], reliability is becoming
much stringent to ensure most energy generation with the least
cost, i.e., low levelized cost of energy (LCOE) [2]. In grid-
connected renewable energy systems (RESs), improved design
and controls for high reliability should consider the inherent
characteristics of renewables (e.g., large power fluctuations)
and demands of the utility grid (e.g., active/reactive power
regulation) [3], [4]. In addition, harsh environments may
also affect the reliability performance, such as high ambient
temperature and high humidity [5].

Taking the grid-connected PV system as an example, power
converters play a critical role in energy conversion, being more
vulnerable and of higher maintenance costs when compared
to other parts, e.g., PV modules, connectors, and disconnects
[6]-[9]. Consequently, many reliability-oriented designs and
controls have been studied to improve the reliability of PV
power converters [10]-[14]. For instance, in [12], the ther-
mal performance of the critical components (i.e., the DC-
link capacitor and power switches) in a PV inverter was
analyzed, which is highly sensitive to the ambient temperature.
A reliability-oriented design guideline for the input capacitor
in single-phase transformerless PV inverters was introduced
[13]. In addition, an MPPT control concept has been proposed
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to improve the thermal performance and to increase the
utilization of PV energy in [14]. All efforts are aimed to
decrease the failure rate of the fragile components and prolong
the lifetime of the power converter with low costs.

A reliability prediction has shown that the DC-link capacitor
and power switches are the main fragile components in PV
inverters [11], [12], [15]. As a result, the reliability enhance-
ment can be done through several aspects: 1) proper design
of the heatsink, usually at the expense of power density and
cost; 2) good power device layout [15]; 3) optimal switching-
frequency [11]; 4) advanced controls (i.e., power control [14]
and modulation methods [16]). Additionally, reactive power
injection is now a must in PV systems for grid supporting
capability, which can also challenge the reliability of PV in-
verters [17]-[19]. For example, in [19], a reliability analysis of
reactive power provision by single-phase PV inverters has been
presented. However, the thermal performance and reliability
analysis were based on a bipolar modulation scheme, which
was not commonly used due to high power losses [20].

The traditional hybrid unipolar pulse width modulation
(UPWM) has a unbalance loss distribution for the full-bridge
(FB) inverter [16], [21]. In that case, four power devices in
the inverter have different thermal performance and failure rate
[22], resulting in low reliability and causing more design costs.
Hence, this paper analyzes the loss performance of the power
devices for the conventional FB inverter in Section II, where
the effect of the reactive power injection is also considered.
More importantly, an improved hybrid modulation method
with reactive power injection has been proposed to balance
power losses among the devices in Section III. Simulations
and experimental results are provided in Section IV, which
verifies the analysis and the effectiveness of the modulation
method. Finally, Section V gives concluding remarks.

II. LoSS AND THERMAL ANALYSIS

The semiconductor device is one of the fragile components
of power converters [12]. Thus, prolonging the lifetime of the
power devices has a significant for increasing the reliability
of the power converter. For the power device, the junction
temperature is an intuitive indicator of the reliability, and
the main factors that caused high junction temperatures are
high power losses and poor heat dissipation. In that case,
the unbalanced power losses of power devices will result in
different failure rates, and the power device of the highest



7 Highcr losses /

/
* m—— === /
/. / / /'/
Cae i /
Vil g 7

/ e pie==3Y Temiperature
) /7 / /
/ / /
/ /
Heat / /" / Highet
/ Vs /1 t
) ) / Temperature
/' Heatsink [/ /

Fig. 1. Power loss distribution of an FB inverter under the traditional UPWM
method.

failure rate decides the reliability of the entire power converter.
Therefore, the reliability can be improved to some extent when
all power devices can share losses equally. The loss unbalance
issue is analyzed for the FB inverter in the following as well
as the thermal distribution under the traditional UPWM.

A. Traditional UPWM for the FB inverter

Fig. 1 shows the power loss distribution of the FB inverter
employing the traditional UPWM. The FB inverter has four
switches of Insulated Gate Bipolar Transistors (IGBT) S).4
(with the anti-paralleled diodes D, 4). In Fig. 1, Cy. represents
the DC-link capacitor, Vg is the DC-link voltage and vy, is
the modulated output voltage of the FB inverter.

To achieve reactive power injection and high efficiency,
the traditional UPWM controls two switches (i.e., S, S3) at
the fundamental-frequency and the other two switches (i.e.,
S>, Sy) are at a high-frequency transition, as demonstrated in
Fig. 2. In addition, v and i.s are the reference voltage and
current. Referring to the power losses of the semiconductor
devices [23], there are switching and conduction losses, which
can be given as

B L — P, sw T P C (1)

where P is the power loss of one switch, Py, and P represent
the switching losses and conduction losses, respectively.
Moreover, the switching losses P, can be expressed as
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where Py, and P,,p are the switching losses of the IGBT
and the anti-parallel diode, fy, is the switching frequency,
and Eour, Fogr, and Eo,p are the turn-ON, turn-OFF, and
diode reverse-recovery energy, correspondingly, which are
provided in the datasheet under certain test conditions (i.e.,
the test voltage Ve and current Icc). According to Eq. (1),
the switching losses are mainly distributed at S, and Sy, as
shown in Fig. 2. When considering conduction losses are equal
in each power device, the unbalanced power losses can be
compared in Table I. Since the fundamental frequency fiq is

Psw = LIswr + PSWD - (EonT + EoffT + EonD)fsw (2)
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Fig. 2. Traditional UPWM strategy with reactive power injection for the FB
inverter, where the orange part represents the power losses of diodes and blue
part shows the power losses of IGBTs.

TABLE I
Loss COMPARISON OF THE POWER DEVICES.

Switches Losses
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far less than the high switching frequency (being above kHz
level), the switching losses of S; and S3 can be neglected.

Considering the reactive power injection, the conduction
losses of the FB inverter are distributed among the IGBTs
when generating positive apparent power, while the losses
are distributed among the body diodes for negative apparent
power. Thus, the conduction losses of IGBTs and diodes, i.e.,
Per and Pep (Pe = Per + Pep), can be calculated as
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where Vi, 7¢, Vyo and rq are the IGBT on-state zero-
current collector-emitter voltage, the collector-emitter on-state
resistance, the diode on-state zero-current voltage and the
diode on-state resistance, ¢ is the power factor angle, Vi,
I, and w are the amplitude of the AC output voltage and
current, and angular frequency. Egs. (2) and (3) imply that the
conduction losses are unbalanced on the IGBTSs and the diodes
with different power factor angles, as presented in Fig. 2. In all,
the power losses on the IGBTs and the diodes are unbalanced
when the inverter enables reactive power injection with the
traditional UPWM. This may affect the reliability of the entire
system.



TABLE II
OPERATION STATES OF THE FB INVERTER FOR REACTIVE POWER
INJECTION.

Operation state Period S1 S» S3 Sy

A vet >0 ON 1l OFF 1l
B vt <0 OFF 1) ON 1/
C v >0 1L OFF ON 1]
D vt <0 1L ON OFF 1/
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Fig. 3. Possible switching operations and the power losses distribution of the
FB inverter.

III. PROPOSED MODIFIED UPWM

According to the above analysis, the unbalanced power
losses of the power devices are mainly caused by the different
switching frequencies. In addition, the internal IGBTs and
body diodes have different conduction losses. To achieve
a comprehensive balance of power losses, the solutions in-
clude improved modulation methods and redundant designs
(adopting extra components to share the losses). Here, an
improved hybrid modulation method for the FB inverter has
been introduced when considering conduction losses of IGBTs
and body diodes.

There are four operation states of the FB inverter to enable
reactive power injection, as shown in Table II, where “{]”
and “/1” represents complementary switch instants at a high
switching frequency. When vs > 0, the FB inverter can
operate at both states A and C, generating a positive voltage
Viny. While ver < 0, it can operate at both states B and D to
generate vj,,. The four operation states are combined into four
switching modes for the DC-AC conversion of the FB inverter,
i.e., Mode I — states A and B, Mode II — states C and D,
Mode III — states A and D and Mode IV — states B and C.
The four switching modes are shown in Fig. 3. Obviously, the
traditional UPWM in Fig. 1 only adopts Mode I, leading to
unbalanced power losses on the semiconductor devices.

Therefore, a modified UPWM technique is proposed to
ensure the loss equalization of IGBTs (i.e., Si.4) and body
diodes (i.e., D;.4). A circulated control is adopted for the FB
inverter to change the switching mode at a low frequency.
It should be noted that the circulated time should be chosen
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Fig. 4. Proposed circulated control method to balance the power losses for
the FB inverter.

well to avoid large fluctuations of the junction temperature
of the power devices. It is revealed in [22] that the constant
junction temperature operation can maintain a long lifetime of
the power devices.

There are two circulating paths to achieve so, i.e., Circula-
tion I- Modes I + Modes II, and Circulation II — Modes III
+ Mode IV. Fig. 3 demonstrates the details of the proposed
modulation method with the two circulation controls. The cor-
responding power loss distribution is also analyzed in Fig. 3,
which illustrates that the power losses can be balanced among
the IGBTs and the diodes. Fig. 4 then shows the proposed
hybrid modulation method with the control of Circulation I
(i.e., changing switching Mode I and Mode II). It can be seen
in Fig. 4 that the FB inverter performs two different switching
modes alternatively for every circulated period %y, which is
chosen as being the multiply of the grid fundamental cycle.

Consequently, the proposed method can ensure the equal
power loss distribution of power devices in the FB inverter,
improving reliability. When compared to the method of adding
extra power components, the proposed modulation method
slightly increases calculation burdens, while achieving rela-
tively high cost-effectiveness.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation results

To verify the effectiveness of the power losses analysis
and the proposed UPWM methods, simulations are carried
out in PLECS. The thermal-loss models of the power de-
vices are established based on the device datasheets (i.e.,
Infineon IGBT-IKW30N65ESS5). The system parameters are
the DC-link voltage V4. = 365 V, the output AC voltage
Vpe = 220 V / 50 Hz (the root mean square-RMS), the output
power P =5 kW, and the switching frequency fs, = 20 kHz.
Moreover, the power factor ¢ is a variable between 0 to 7.

Fig. 5 compares the power loss distribution between the
traditional UPWM and the proposed modulation method,
where the dotted curves are the results of the traditional



- -~ Traditional UPWM e X TR
—e— Proposed UPWM

Losses (W)

,
/
Pn/y,/Pm, Pry,
X
o
’xl\Pm, Pps

Pry

0 t== L] : : ‘
0 /4 /2 3n/4 T
Power factor angle ()
(a)
18 ‘ ‘ ‘
L -x-- Traditional UPWM ]
>l —e— Proposed UPWM
12 T e P
s L - S P Py b
3 i E
g \\ Pri, Pr3, Pra, Pry
2 6t |
\X\
% /PTI Prsy
0 ‘ ) . e P
0 /4 /2 3n/4 T
Power factor angle (¢)
(b)
25 ‘ ‘ ‘
—>-- Traditional UPWM
—s— Proposed UPWM
e = o M e e o —m—x
£207 e |
Fl
% \PhPhPZ,PAl
215 ¢ 1
R e e LT ot ikl NSl
r " \Pl,P.x
10 : : ‘ :
0 /4 /2 3n/4 T
Power factor angle (¢)
(©)

Fig. 5. Simulation results of the power losses distribution for the traditional
UPWM and the proposed method with different power factors: (a) losses on
bode diodes, (b) losses on IGBTSs, and (c) losses on IGBTs + bode diodes.

UPWM method and the solid curves are that of the proposed
modulation method. In the simulation results, Ppi4, Pri.4 and
P4 denote the losses of the body diodes, the IGBTs and
the IGBTs + bode diodes. As shown in Figs. 5(a) and (b),
the power losses of the body diodes and the IGBTs change
with the power factor angle when the FB inverter adopts both
the traditional UPWM and the proposed modulation method.
This illustrates that the reactive power injection has a negative
impact on the internal loss balance of the power device. This
point can be considered when designing the power control for
the FB inverter system.

In addition, the power losses of IGBTs and body diodes
are not identical when the FB inverter employs the traditional
UPWM, as depicted in Figs. 5(a) and (b). The total power
losses of S)3 are less than those of S,4, see the dotted
lines in Fig. 5(c). By contrast, the IGBTs losses, the body
diodes losses and the total losses of Sj4 are balanced with the
proposed UPWM, as shown in Fig. 5. The comparison results
verify that the proposed modulation method can achieve better
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Fig. 6. Experimental comparison of the FB inverter (time: 10 ms/div): (a)
the traditional UPWM and (b) the proposed UPWM.
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Fig. 7. Bird-view of the IGBT module for the FB inverter.

performance than the traditional UPWM scheme in terms of
power loss.

B. Experimental results

Experiments are carried on a 1-kW FB inverter, where Vg
is 250 V, v, is 110 V / 50 Hz (RMS), and the switching
frequency fi, is 20 kHz. Fig. 6 shows the experimental
results of the FB inverter under the traditional UPWM and the
proposed modulation methods. vsi, vs2, Viny and i, represent
the voltages of S| and .S,, the inverter differential voltage and
the output AC current. As shown in Fig. 6(a), vs; changes
at the grid frequency and ws, changes at a high switching
frequency. However, the switching frequencies of vg; and
vsy change alternatively with the proposed circulated UPWM
scheme, as presented in Fig. 6(b). The circulated time is 40 ms,
i.e., being two times the grid fundamental cycle. The results
suggest that the proposed modulation scheme may tackle the
loss unbalance issue of the FB inverter.

Fig. 7 shows the bird-view of the adopted module, i.e.,
IGBT module FS50R12KT4-B15. Two phase-legs of a three-
phase power module are considered for better comparison due
to the good consistency of switches on one power module.
Fig. 8 compares the thermal performance between the tra-
ditional UPWM and the proposed modulation methods. As
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Fig. 8. Thermal performance of the FB inverter with: (a) the traditional
UPWM, and (b) the proposed modulation method.

shown in Fig. 8 (a), the temperatures of S,4 are higher than
those of S;3 when the inverter is employing the traditional
UPWM method. While the temperatures of Sj4 are almost
identical when the FB inverter adopts the proposed UPWM,
as demonstrated in Fig. 8(b). Besides, the highest temperature
in Fig. 8(a) (i.e., adopting the traditional UPWM method)
is higher than that in Fig. 8(b) (i.e., adopting the proposed
UPWM method). It can be verified from the results that the
proposed UPWM scheme can address the loss unbalance issue,
achieving identical junction temperature of the power switches
and increasing the reliability of the FB inverter.

V. CONCLUSION

In this paper, the loss unbalance issue has been analyzed for
the FB inverter when the traditional UPWM method is adopted
to achieve reactive power injection. It is revealed that the main
reason for the unbalance problem is the switching frequency
as well as the reactive power injection. Then, a modified
UPWM scheme was proposed, which has two circulated ways
to balance the losses of critical power switches even with the
reactive power injection. The loss analysis and the proposed
UPWM method have been verified through simulations and
experiments, which confirms the performance of the proposed
method to enhance the reliability of the FB inverter.
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